Transmembrane potentials were recorded from S-A nodal pacemaker and nonpacemaker fibers of the rabbit right atrium. Sr 2+ (2.2 HIM) prolonged the pacemaker action potentials but did not influence other parameters of the membrane potential. In Ca 2+ -free solution, maximal diastolic potential, threshold potential, and overshoot were reduced, and the action potential and rise time were prolonged; these changes were enhanced by previous treatment with EGTA (ethyleneglycol bis (/3-aminoethylether)-N,N'-tetraacetic acid). In some preparations, pacemaker action potentials disappeared and subthreshold oscillations were observed; Sr 2+ and norepinephrine restored action potentials. Addition of Sr 2+ to the Ca 2 + -free solution slowed the pacemaker rate in association with an increase in maximal diastolic potential, threshold potential, overshoot, and action potential duration. In fibers of the right atrium, Sr (3) is indicated. It is also possible that Sr 2+ enters cardiac cells upon depolarization (4) and serves as a current-carrying ion (5) and as a substitute for Ca 2+ in coupling between excitation and contraction (6) and between excitation and secretion of norepinephrine.
• It is generally accepted that Ca 2+ plays a physiologically important role in regulating the ion permeability of cardiac cell membranes, the contractile mechanism of the heart, and the liberation of chemical mediators by postganglionic sympathetic nerves. The other divalent cations, such as Sr 2+ and Ba 2 + , resemble Ca 2+ in that electrical and mechanical activities of the isolated heart are maintained during their presence, despite the absence of Ca 2 + . In perfused toad hearts after treatment with EDTA, introduction of perfusion media containing Sr 2+ results in contracture and a low resting potential; introduction of media which contain Ca 2+ results in restoration of normal contractility and transmembrane potentials (1) . However, in the mammalian heart little is known concerning the effect of substitution of Sr 2+ for Ca 2+ on electrical activities of pacemaker and nonpacemaker fibers and the coupling process between excitation and liberation of chemical mediators by sympathetic nerves. The possibility that Sr 2+ liberates cellular Ca 2+ from stored sites (2) and favors the exchangeability of Ca 2+ (3) is indicated. It is also possible that Sr 2+ enters cardiac cells upon depolarization (4) and serves as a current-carrying ion (5) and as a substitute for Ca 2+ in coupling between excitation and contraction (6) and between excitation and secretion of norepinephrine.
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TODA
Barium ions induce pacemaker activity in contractile myocardium which normally fails to beat spontaneously (7, 8) (10) . Barium ions decrease the membrane conductance to K + (11, 12) , and Ca 2 + deficiency increases Na + permeability (13) . It has been shown that Sr 2+ does not produce automaticity in the atrial and ventricular myocardium (14, 15) , but does in nonpacemaker cells of the cultured chick embryo (11) .
The present study was undertaken to investigate (a) the membrane effect of substitution of Sr 2+ for Ca 2+ in S-A nodal pacemaker fibers, (b) the ability of norepinephrine to induce ectopic pacemakers at zero [Ca 2 + ] o and when Ca 2+ was substituted with Sr 2+ , and (c) the effect of Sr 2+ on the chronotropic response to sympathetic nerve stimulation and norepinephrine in the presence or absence of Ca 2 + .
Methods Albino rabbits of both sexes, weighing 1.8 to 2.3 kg, were killed by bleeding from both common carotid arteries under ether anesthesia. The heart with attached sympathetic nerves was isolated, and ventricles were discarded. Sympathetic nerve-atria preparations were obtained following the procedure described in an earlier report (16) . Conventional atrial preparations were used for studies on the membrane effects of ions and drugs and the chronotropic effects of norepinephrine. The isolated specimen was fixed horizontally, endocardial surface uppermost, between hooks under a resting tension of 300 to 450 mg in a 60-ml muscle bath. The bath solution was bubbled with a mixture of 95% O 2 and 5% CO 2 and was maintained at 30° ± 0.5°C; the pH was 7.3. Hooks anchoring an appendage of the right atrium were connected to the lever arm of a forcedisplacement transducer (Nihonkoden Kogyo Co.). Constituents of the nutrient solution were as follows ( m i ) : Na + , 162. Intracellular recordings were made with glass microelectrodes filled with 3M KC1. Transmembrane potentials were recorded from single cells of the S-A node and the right atrium. The membrane potential was recorded from a VC-7 oscilloscope (Nihonkoden Kogyo Co.) on film moving at speeds of 5 or 10 cm/sec. The following parameters of the action potential were measured: (a) cycle length, (b) maximal diastolic potential or resting potential, (c) threshold potential, (d) overshoot, (e) duration at the level of 10% and 90% action potential amplitude (termed the 10% and 90% durations), and (f) rise time, defined as time between the point of transition from upward concavity to rapid upstroke and the top of the action potential. The membrane potential and the contractile force were also displayed on a two-channel penwriter (SaneiSokkiCo.).
Right postganglionic sympathetic nerve was placed on a bipolar silver electrode which was lifted above the surface of the solution. The sympathetic nerve was stimulated for 3 seconds by square pulses of 1 msec with supramaximal intensity, applied at frequencies of 1, 5, and 20/sec. Stimulus pulses were provided by a Sanei type ES-103-Z pulse generator.
Absolute values of parameters of the membrane potential in test solutions were compared with those in the normal solution. Mean values of ten measurements of the cycle length between S-A nodal action potentials were presented as the cycle length. The rate of S-A nodal activities was calculated as the reciprocal of the cycle length. Observations were made under steady-state conditions and during a transitional state induced by sympathetic nerve stimulation and norepinephrine. The results illustrated in the text, tables and figures were expressed as mean values ± standard errors. Comparisons of the results were made by Student's t-test.
Results
EFFECTS OF STRONTIUM IONS
Transmembrane potentials recorded from S-A nodal pacemaker fibers were altered by the application of 2. ] 0 and exposed either to Ca Table 1 ). The maximal diastolic potential, threshold potential, overshoot, and cycle length between action potentials were not affected.
EFFECT OF STRONTIUM ON S-A NODE
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Stimulation of extracardiac postganglionic sympathetic nerve caused a frequency-dependent increase in the rate of S-A nodal activities. The frequency-response curve was moved slightly left at 2.2 mM [Sr 2 + ] o . The application of 4.4 mM Sr 2+ slowed the spontaneous rate under steady-state conditions but did not significantly affect the positive chronotropic effect of sympathetic stimulation. The duration of the effect (measured as time required to recover the rate prior to the nerve stimulation) was shortened by the higher concentration of Sr 2+ (Fig. 1) . The norepinephrine dose-chronotropic response curve was not influenced by the application of Sr 2+ at 2.2 and 4.4 mM (Fig. 2) .
EFFECTS OF SUBSTITUTING STRONTIUM IONS FOR CALCIUM IONS
Membrane Potential.-"Removal of Ca durations and the rise time were prolonged (col. B in Table 1 ). Further decrease in the maximal diastolic potential, the threshold potential, and the size of the overshoot were observed in preparations treated with EGTA at zero [Ca 2+ ] 0 (col. D in Table 1 ). In 6 of 21 preparations treated with EGTA in the Ca 2 + -free solution, pacemaker action potentials were markedly depressed and subthreshold oscillations resulted which did not propagate excitation to the atrial myocardium. In two of the six atria, the application of norepinephrine (2.5x10-° to 10" 5 M) restored action potentials (Fig. 3) which evoked propagated action potentials and contractions in the right atrium. Norepinephrine did not hyperpolarize pacemaker membranes, but increased the maximal diastolic potential because of the appearance of a positive afterpotential (Fig. 3) . Similarly, restoration of pacemaker action potentials was induced by 2.2 mM Sr 2+ in two atria and by 2.2 mM Ca 2+ in the other two. The addition of 2.2 mM Sr 2+ to the Ca 2 + -free solution slowed the pacemaker rate in association with an increase in the maximal diastolic potential, the threshold potential and the overshoot and with a prolongation of the 10% and 90% durations. The rise time was shortened (col. C in Table 1 ). Similar alterations in these parameters and the cycle length were obtained when Sr 2+ (2.2 mM) was applied to atria treated with EGTA at zero [Ca 2 + ] 0 , except that the rise time was not significantly shortened (col. E in Table 1 ). Typical changes induced are shown in Figure 4 . In solutions in which Sr 2+ was substituted for Ca 2 + , the maximal diastolic potential, the threshold potential and the overshoot were reduced; the action potential durations were prolonged; and the cycle length was increased (cf. col. A with cols. C and E in Table 1 ).
In fibers of the right atrium, the magnitude of the resting potential and of the overshoot was markedly reduced and the rise time was prolonged at zero [Ca Sr 2+ to the Ca 2 + -free solution restored the normal resting potential and overshoot, but caused a further prolongation of the rise time and the 10% and 90% durations (Fig. 5) .
Complete dissociation of pacemaker activities from atrial contractions obtained in the present study was considered to result from a blockade of the conduction from node to atrium and an occurrence of ectopic pacemakers. The incidence of the induced pacemaker and of the irregularity of S-A nodal pacemaker activities in control and test solutions is shown in 800 msec and those with a shorter duration of 250 to 400 msec alternated.
Atrial Contractility.-In five of eight preparations treated with EGTA in the Ca 2 + -free solution, atrial contractility was completely abolished, and no atrial action potentials could be recorded. Three of these five preparations were treated with 2.2 HIM Sr 2+ , and action potentials and contractions were partly restored in two of them. In the other two preparations, 2.2 mM Ca 2+ caused partial restoration in both. Norepinephrine (2.5 X 10-6 to 10" 5 M ) also restored the electrical and mechanical activities in four of five atria.
Chronotropic Effect of Norepinephrine.-The positive chronotropic effect of sympathetic nerve stimulation was markedly reduced or completely abolished in Ca 2+ -free solutions. The application of Sr 2+ slowed the pacemaker rate but restored in part the positive chronotropic effect. Figure 6 shows The positive chronotropic effect of norepinephrine was reduced by removal of Ca 2 + . Strontium ions shifted the dose-response curve downward but did not correct the effect of norepinephrine (Fig. 7) . Concentrations of exogenous norepinephrine required to produce tachycardia equivalent to that in response to sympathetic nerve stimulation at frequencies of 5 and 20/sec in the Ca 2+ -free, Sr 2 + -containing solution (23 ±8.8 and 108 ± 49 X 10~7M, respectively, N = 1 3 ) were about 10 times those required in the control solution (2.6 ± 0.8 and 9.8 ± 2.9 X KHM, respectively, N = 13). The treatment with EGTA increased the difference: concentrations of the amine equipotent to the stimulation at 5 and 20/sec were 3.8 ± 1.3 and 10 ± 3.4.x 10-7 M, respectively ( N = 8), in preparations exposed to the control solution and 39 ± 14 and 274 ± 78 X KHM, respectively (N = 8), in preparations exposed to the Ca 2 + -free, Sr 2 + -containing solution after treatment with EGTA. potential and the overshoot (14) . In the rat atrium no significant alteration in the action potential was produced by Sr 2+ (15) . According to the results presented here and in an earlier report (10) , in S-A nodal pacemaker and atrial nonpacemaker fibers of the rabbit heart the order of relative potency of increasing the action potential duration is: deficiency that are synergistic with the effect of norepinephrine in increasing Na + permeability upon depolarization.
Contractility.-Arrest of atrial contractions by Ca 2+ deficiency could be the result of a decrease in the amount of Ca 2+ that participates in the coupling between excitation and contraction and of the blockade of conduction from node to atrium, thereby abolishing atrial action potentials. The application of Sr 2+ and norepinephrine could restore atrial contractions and action potentials concomitant with an increase in the resting potential and reestablishing the S-A nodal-atrial conduction. Strontium ions could correct the excitationcontraction coupling process directly (21) to substitute for Ca 2+ in blocking the effects of exogenous and endogenous norepinephrine may be due to different susceptibility of receptors to Ca 2+ deficiency. Calcium deficiency blocks release of norepinephrine by the nerve when excited. Strontium ions seem to substitute for Ca 2+ in supporting release of cardiac norepinephrine but not in supporting susceptibility of receptors in cardiac pacemaker to exogenous norepinephrine.
